The effect of titanium (Ti) substitution for hafnium (Hf) on thermoelectric properties of (Hf,Zr)- 
I. Introduction
Half-Heuslers (HHs) have great potential to convert waste heat into electricity through thermoelectric effect in the medium (200-500 o C) and high (500-700 o C) temperature range [1] .
HH phases are intermetallic, complex compounds (in general they have MM'X chemical formula, where M is Ti or Zr or Hf or a combination of two or all three, M' is Co or Ni, and X is Sn or Sb) that crystallize in cubic crystal structure of the F4/3m (No. 216) space group. These phases are well-known semiconductors with 18 valence electrons per unit cell, which have higher Seebeck coefficient with moderate electrical conductivity due to a narrow energy gap [2] [3] [4] [5] [6] . Since the performance of the thermoelectric materials directly depends on the dimensionless figure-of-merit (ZT), defined as (S 2 σ/κ)T [7] , where S is the Seebeck coefficient, σ the electrical conductivity, κ the thermal conductivity, and T the absolute temperature. HHs could be a good thermoelectric material due to their higher power factor (S 2 σ) [8, 9] . In the past few years, experiments have shown that MNiSn and MCoSb phases exhibit promising n-and p-type thermoelectric properties, respectively [8, 9] . However, the ZT of the HHs are much lower to compete with the state-of-the-art thermoelectric materials [10, 11] due to their relatively higher thermal conductivity [8, 9] . In the recent years, different approaches have been used to improve the ZT of HH compounds such as optimization of the composition [12] [13] [14] [15] [16] [17] [18] and introduction of nanostructures by a nanostructuring approach [19, 20] , and peak ZTs of ~0.8 for p-type [19] and ~1.0 for n-type [20, 21] Even though the peak ZT remains comparable with the previously reported result of the samples prepared in the same way [20] , the ZT values at lower temperatures are higher, which results in a higher average ZT below 500 o C. Such a higher average ZT is very much desired for medium temperature applications such as waste heat recovery in vehicles where the exhaust gas temperature is usually less than 600 o C.
II. Experimental
Nanostructured half-Heusler compounds were prepared by arc melting hafnium (Hf) The hot pressed dense bulk samples were characterized by X-ray diffraction (XRD D8
Discover Model) and transmission electron microscopy (TEM, JEOL 2010F) to study their crystallinity, composition, the average grain size, and grain size distribution. These parameters significantly affect the thermoelectric properties of the final dense bulk samples.
The hot pressed dense bulk nanostructured samples were then cut into 2 mm × 2 mm × 12 mm bars for electrical conductivity and Seebeck coefficient measurements, 12.7 mm diameter discs with appropriate thickness for thermal diffusivity and Hall coefficient measurements, and 6 mm diameter discs with appropriate thickness for specific heat capacity measurements. The electrical conductivity and Seebeck coefficient were measured by commercial equipment (ZEM-3, Ulvac), the thermal diffusivity was measured by a laser flash system (LFA 457, Netzsch) from room temperature to 700 C, the carrier concentration and mobility at room temperature were acquired from Hall measurements (Lakeshore 7600), and the specific heat capacity was measured on a differential scanning calorimeter (200-F3, Netzsch). The thermal conductivity was calculated as the product of the thermal diffusivity, specific heat capacity, and volumetric density of the samples. 
III. Results and Analyses
In this section, we discuss the effects of Ti substitution on thermoelectric properties of (Hf,Zr) based n-type HH. The basic purpose of choosing Ti substitution is to increase the effect of larger atomic mass and size differences of Hf and Ti than that of Hf and Zr on stronger alloy scattering of phonons, which could significantly change the thermoelectric properties of the materials. Here, we present the characterization and thermoelectric properties of hot pressed dense bulk samples Hf 0.75-x Ti x Zr 0.25 NiSn 0.99 Sb 0.01 (x = 0, 0.25, 0.5, and 0.75) prepared through the arc melting, ball milling, and hot pressing process [19, 20] . For better readability, we chose not to present the individual properties of the composition with x = 0.75 in Figure 3 . Figure 1 shows the XRD patterns (Fig. 1a ) and lattice constants (Fig. 1b) Figures 3 show the temperature dependent electrical conductivity (Fig. 3a) , Seebeck coefficient ( Fig. 3b) , thermal diffusivity (Fig. 3c) , specific heat capacity (Fig. 3d ), thermal conductivity ( Fig. 3e) , and ZT ( . 3a) . The decrease should be due to the effect of alloy scattering of charge carriers to decrease the mobility (shown later in Fig. 4) , and the increase may be related to electronic band structure due to too much Ti when x = 0.75.
The Seebeck coefficient follows the opposite trend of electrical conductivity (Fig. 3b) . However, (Fig. 3c) . Even though the specific heat capacity increases with increasing Ti content ( (Fig. 3f ) [20] . The improvement in ZT at lower temperatures could be beneficial for medium (200 -500 o C) temperature applications such as waste heat recovery in vehicles. The increase in carrier concentration with Ti concentration (Fig. 4 ) could be possibly due to the change in electronic band structure, and the decrease in mobility could be due to the increase in alloy scattering of charge carriers. To gain insight into the influence of Ti substitution on electronic states, the density of states of two extreme cases TiNiSn and HfNiSn were calculated by the density functional theory under generalized gradient approximation for the electron exchange correlation potential with projector-augmented-wave pseudopotentials [24] . The results showed that TiNiSn, although its band gap is slightly larger than HfNiSn, has significantly higher density of states near the conduction band edge, which seems consistent with the experimental observation of carrier concentration increase with Ti concentration. (Fig. 3a) , Seebeck coefficient (Fig. 3b) , thermal diffusivity (Fig. 3c) , specific heat capacity (Fig. 3d) , thermal conductivity ( 
IV. Conclusions

